Abstract-A compact integrated optic fundamental TE / TM mode splitter, based on the mode-sorting characteristics of an asymmetrical adiabatic Y junction of optical waveguides exhibiting shape birefringence, operating at 1550 nm, has been designed using the discrete sine method (DSM) and the beam propagation method (BPM), realized, and tested. The structures were fabricated in a system of SO,, Si0,N and Si,N, layers, using a low-temperature plasma-enhanced c&mical-vapor deposition (PECVD) process, compatible with standard silicon IC processing.
I. INTRODUCTION
N A coherent optical communication system the polar-I ization of the received signal should be matched to that of the signal of the local oscillator. One of the possible approaches to solving this problem is using a polarization-diversity scheme [ 11. In a polarization-diversity receiver the incoming signal wave is decomposed into two orthogonal polarization components. These are processed and demodulated separately, and finally recombined.
For reasons of cost and reliability, it is advantageous if the various components making up such a receiver can be integrated on a single substrate. We believe that a silicon-based hybrid integration, going somewhat farther than the approach taken in [2] , is an attractive option. Components in 111-V materials (i.e., the local oscillator and the photodetectors) on the one hand and silicon oxynitride-WON) based passive components (e.g., waveguides, TE/TM mode converter and splitters, couplers) on the other hand can be combined on the same silicon wafer. The use of a silicon substrate, for which standard lithographic, microelectronic, and micromachining technologies are available, together with SiON-based waveguide technology allowing the fabrication of both highcontrast and low-contrast optical waveguiding structures, is expected to facilitate the realization of an efficient and reliable fiber-chip coupling, and promises the integration with high-speed electronics. Mounting and coupling of diode lasers to a waveguide on a silicon substrate [3] , as well as a passive TE/TM mode converter [4] , have been demonstrated elsewhere. Fig. 1 .
If the transition from the input channel waveguide (1) to the two output guides (2 and 3) is made sufficiently gradual, it is adiabatic, and power in the fundamental mode remains in that mode throughout the transition. If the Y junction operates in the mode-splitting regime (see Section 11) , beyond the branching point the fundamental mode becomes the mode localized in the waveguide with the highest channel index, i.e., the highest effective refractive index (Neff). The design of the output waveguides of a TE/TM mode-splitting Y junction is such that one waveguide has the higher channel index for TE polarization and the other the higher channel index for TM polarization. This can be achieved by making use of the phenomenon of shape birefringence [12] , which occurs in an optical waveguide having an asymmetrical refractive-index distribution, e.g., if a high-refractive-index material is interposed between the buffer and the core or between the core and the cladding. Such a thin film enlarges not only the value of the effective index of the TE and the corresponding TM mode, but also the difference between the two values, since compared to the TM mode, the modalfield distribution of the TE mode will be more concentrated in the high-index region. This results in the possibility to tune the channel index values of the waveguides 2 and 3 with respect to each other, by varying the refractive indices of the used SiON compounds and the various layer thicknesses.
The implementation of a known principle [9], [lo] for the polarization splitter using a different materials system will not only affect purely technological issues, but asks for a careful and adequate design and will provide additional advantages or drawbacks. Using a plasma-enhanced chemical-vapor deposition (PECVD) SiON technology, the index of refraction can be chosen within a broad range from 1.45 (SiO,) to 1.98 (Si3N4), giving additional freedom in the design. This materials system allows for wave- guiding structures with large index contrast, resulting in thin layers, which can be efficiently coupled to, e.g., semiconductor laser diodes. A disadvantage is still the state of technology development. This is the reason why the performance reached until now is less than that of similar devices [9] .
In the following the design of a TE/TM mode-splitting Y junction, its simulated behavior, the realized structures, and the measurement results are presented.
DESIGN AND REALIZATION
The design of the polarization splitting device is bound to the following constraints: realization in SiON on silicon, operating wavelength around 1550 nm, cross talk hetter than -20 dB, while the design has to be relatively $mall and simple, technologically realizable, and allow a process window as large as possible. We investigate an asymmetrical Y junction as shown in Fig. 1 (top view) and Fig. 2 (cross sections of the channel waveguides). This configuration has the advantage that the sharp branching point arises as a matter of course from overlaying two smooth structures, so that it does not have to be defined directly in a critical photolighographic step.
The polarization splitter is designed using the concept of the mode conversion factor (MCF) [ll] , defined as where Neff(,) and Neff(3) are the channel indices of both output channels of the Y junction, ne, is the effective index of the surrounding (slab) region, and (Y is the splitting angle. If the absolute value of the MCF is (much) larger than 0.43, the Y junction works as a mode splitter, in the way discussed in the Introduction. Consequently, the Y junction to be designed should have the following properties.
1) The output waveguides 2 and 3 have the largest Ne, for TM and TE polarization, respectively. 2) For low crosstalk, the MCF value of the Y junction is much larger than 0.43 for both polarizations ( 4 small a ) .
3 ) The device should be as short as possible (+ large ff >. The waveguide parameters (refractive indices, thicknesses, widths, and splitting angle, as indicated in Figs. 1 and 2) are determined in two steps. First, the layer thicknesses and refractive indices are calculated to fulfil property 1, taking into account the available materials and their refractive indices (SiO,: n, = n, = 1.45, SiON: ng = 1.50-1.98, Si,N,: n, = 1.98). Then the less critical ridge widths and the splitting angle are determined to satisfy properties 2 and 3. The resulting effective refractive indices of the various regions of the Y junction and the results of the BPM simulations are shown in Fig. 3 , for both TE and TM polarization, where a was chosen to be 0.8". A cross talk better than -20 dB could be attained for any value of a less than 1.2". The chosen value is a compromise between the shortest device length and allowance for sufficient process tolerances.
Numerical index values for both polarizations are given in Table I , where the channel indices of the waveguides 1, 2, and 3 were calculated using the discrete sine method (DSM) [131. The cross talk and the excess radiation loss with respect to a straight waveguide were calculated using the BPM [14] .
Since the cross talk depends on the accuracy with which the various processing steps are performed, the sensitivity to the refractive index and the thicknesses of the various layers was determined. Since in our case the structure in the SiON layer (deposited thickness t,) is made by two successive etching steps (etching depths e, and eg), the resulting thicknesses are related as t , = t , -e,, t, = t, -e g , and t, = t, -eg -e,.
The available process window was determined in two steps. First, the cross talk was calculated as a function of each of the parameters ( t 3 , t,, t,, e,, eg, n e , n,, and n,) separately, while keeping the other parameters at their designed values. The thickness t , and the refractive index ns of the buffer layer were not varied, since t , was chosen so large that the evanescent field at the Si boundary was negligible, and no significant variations of the refractive index of thermal oxide were expected. It appeared that the cross talk is virtually independent of the original SiON thickness t, over the investigated range 1 p m I t , 2 2 pm. Next, a kind of worst-case analysis was performed by varying all parameters simultaneously in such a way that their effects worked in the same direction, distributing the tolerances approximately equally over the parameters, i.e., when varying only one parameter while leaving the others at their designed values, an equal cross talk penalty was obtained. The result is shown in Fig. 4 , where each label on the horizontal axis refers to a particular point in parameter space ( t 3 , t,, e,, eg, ng, n,, n,) . Label 'f denotes the designed value and 'a' and 'k' refer to points with largest deviation from the designed value. In order to satisfy the -20-dB crosstalk requirement, the available process window is approximately given by the range of values implied by the interval between labels 'c' and 3' inclusive. The points in parameter space are specified in Table 11 .
The most critical parameters are the refractive indices, which should be controlled to within *0.25% for Si,N, and +0.3% for SiON, and the Si,N, thickness, that has a L-1.5% tolerance. The etching depth in SiON requires an Table I1 If 10-pm separation of the output waveguides is required, the space occupied by the device will be approximately 15 X 1000 pm.
The SiO, buffer layer was thermally grown (at 1150°C). The other layers were deposited using plasma-enhanced chemical-vapor deposition (PECVD) at 3OO0C, which is compatible with silicon IC processing. Reactive ion etching (RIE) was used to realize the ridges and gutters. The SiON refractive index at various wavelengths has been related to the process parameters [151, [16] . Between processing steps, the deposited layers were characterized using a prism-coupling setup. Test structures are provided for characterizing the different slab and channel waveguide regions on the wafer.
MEASUREMENTS
The measurements on the completed devices were carried out in an end-fire coupling setup, shown in Fig. 5 . The polarization could be selected using polarization filters. The surfaces of the samples were polished to make the coupling more easy to achieve. Only a small fraction of the available laser light could be coupled into the input channel of the splitter. Also, since both the coupling conditions and the propagation loss in the device were polarization dependent, no reliable data on insertion loss can be given. However, the excess loss, compared to a straight channel waveguide, could be estimated to be The output of the channel waveguides was imaged on an infrared camera and detected with a calibrated power meter. Using the power meter, the output power from each of the output waveguides (2 and 3) was measured for both TE-and TM-polarized light coupled into the input waveguide (1). From these values, the crosstalk for TE and TM light could be calculated. The resulting values for three samples are shown in Fig. 6 , exhibiting a typical cross talk of -11 dB for both TE and TM polarization (best values -17 dB and -11 dB, respectively).
-1 dB.
IV. DISCUSSION
Although the working principle has been qualitatively demonstrated, the experimental performance differs from the simulated performance. This has a number of causes. The realized structures deviated somewhat from the de- signed ones. Fig. 7 (a) shows a scanning electron microscopy (SEM) micrograph of the cross section of channel waveguide 3. From the bottom up, the silicon substrate, the SiO, buffer layer, the SiON guiding layer, the Si3N4 top layer, and the SiO, cover can be seen. As the detail shown in Fig. 7(b) reveals, the Si3N4 strip extends beyond the edge of the gutter, so obviously the tolerances of the lateral dimensions have been violated. The strip was approximately 1 p m wider than designed, leading to channel index values deviating from the calculated ones. Besides the influence on the MCF, this could cause the realized structure to be no longer strictly monomode. It should be mentioned that only a single batch of devices was produced. It is expected that this problem will be corrected in future runs.
The results obtained with the described polarization splitter have led to an improved design, in which channel for the allowance of a process window as broad as possible. The polarization splitter has been tested successfully. The measured cross talk of the device ( -11 dB for both TE and TM; best values -17 dB for TE and -11 dB for disappears, so that the SiON layer thickness t, in the channel 3 will equal t,. Consequently, t, will equal t,. This makes the realization process essentially less complicated and thus more reliable.
The waveguides exhibited substantial attenuation, which is caused by the absorption band of the SiO,N, compounds around 1.51 pm, corresponding to . However, this attenuation is expected to be reduced drastically by annealing: attenuation values of 0.3 dB/cm have been realized elsewhere after annealing PECVD SiON layers [121, [171.
V. CONCLUSION
A compact TE/TM mode-splitting Y junction for use in a Si-based hybrid polarization-diversity receiver has been designed for low cross talk and excess loss, and also Dr. Fluitman is a member of the MEMS steering committee, the Euro-sensors steering committee, and the World Micro Systems Technology Association.
